We consider a hybrid quantum-well structure consisting of regions whose properties alternate between active Raman gain and electromagnetically induced transparency. We present both analytical and numerical results that indicate a large light beam defection using spatially inhomogeneous pump and control lasers. We show wellisolated on-chip wavelength selection or channeling capabilities without light field attenuation or distortion, demonstrating the advantages of the system for possible important applications in integrated circuits for optical telecommunications. In optical telecommunications, wavelength multiplexing and demultiplexing (MUX/DEMUX) refer to processes where signal waves of different wavelengths are combined to a single channel, or assigned to different individual channels, for transmission. The MUX and DEMUX operations are important optical signal binning and decomposing technologies that are used extensively in modern telecommunication systems [1, 2] . One of the MUX/DEMUX devices that has seen successful deployment in the real world is the arrayed waveguide grating (AWG) device, which can achieve both time and frequency domain signal wave MUX/DEMUX operations. In this Letter we propose a new type of MUX/DEMUX that is based on different operational principles. Unlike an AWG, which is based on frequency-dependent propagation delay and focal-point shifting mechanisms, the physical principles of the proposed scheme rest on the mechanism of lightwave deflection in a hybrid multi quantum-well structure (HMQWS) pumped by a spatially inhomogeneous pump laser.
In optical telecommunications, wavelength multiplexing and demultiplexing (MUX/DEMUX) refer to processes where signal waves of different wavelengths are combined to a single channel, or assigned to different individual channels, for transmission. The MUX and DEMUX operations are important optical signal binning and decomposing technologies that are used extensively in modern telecommunication systems [1, 2] . One of the MUX/DEMUX devices that has seen successful deployment in the real world is the arrayed waveguide grating (AWG) device, which can achieve both time and frequency domain signal wave MUX/DEMUX operations.
In this Letter we propose a new type of MUX/DEMUX that is based on different operational principles. Unlike an AWG, which is based on frequency-dependent propagation delay and focal-point shifting mechanisms, the physical principles of the proposed scheme rest on the mechanism of lightwave deflection in a hybrid multi quantum-well structure (HMQWS) pumped by a spatially inhomogeneous pump laser.
Light deflection in a uniform medium is an ancient field of study that can be traced back more than four hundred years. The primary example of static light-ray bending is wavelength-dependent refraction of a ray of sunlight by a prism first demonstrated by Sir Issac Newton. [3] An example of a modern dynamic monochromatic light ray deflection device is the widely used acousto-optical modulator, where a sound wave deflects the light wave. More recently, dynamic lightwave deflection has been studied both theoretically [4] [5] [6] and experimentally [7] [8] [9] [10] [11] [12] using a spatially distributed magnetic field [11] or a pump laser field [12] and an atomic medium under an electromagnetically induced transparency (EIT) condition. The dynamic optical wavelength channeling device proposed in this work is shown in Fig. 1(a) . It consists of 100 periods of GaAs∕Al 0.5 Ga 0.5 As quantum wells. Each period is comprised of an active Raman gain (ARG) double-well segment [ Fig. 1(b) , left] separated by a thick barrier from an EIT double-well segment [ Fig. 1(b) , right]. As we show below, this hybrid system ensures a large probe light deflection angle with minimum impact to field characteristics, raising the possibility of applications in optical wavelength separation and channel selection.
The ARG segment starts with (from left to right) [13] [14] [15] a thick Al 0.5 Ga 0.5 As barrier layer that is followed by a 25 monolayer (ML) thick GaAs layer. This narrow well is separated from a 60 ML GaAs layer (a wide well) by a 9 ML Al 0.5 Ga 0.5 As potential barrier layer. Finally, a thick Al 0.5 Ga 0.5 As barrier layer is added on the right-hand side of the wide well to separate it from the EIT segment. Each ML in the region between the narrow and wide well is made of GaAs with a two-dimensional electronic density N 3 × 10 11 cm −2 , and has a thickness of 0.28 nm. This double well structure allows three independent energy levels jji with energy ℏω j j 0; 1; 2. To produce the desired light-beam deflection, a strong pump field with a transverse Gaussian spatial distribution E L x; y; ω L couples the upper state j1i and the fully occupied ground state j0i with a large one-photon detuning δ 1 ω L − ω 1 − ω 0 . A weak probe field E p ω p then drives the transition j2i↔j1i with a large onephoton detuning δ 1 δ 2 , where δ 2 ω L − ω p − ω 2 − ω 0 is the two-photon detuning for the Raman transition. Throughout this work, we take δ 2 < 0 for the ARG scheme.
The EIT segment consists of a 35 ML GaAs shallow well and a 50 ML GaAs deep well separated by a 9 ML Al 0.5 Ga 0.5 As barrier layer. The left and right substrates are thick Al 0.5 Ga 0.5 As barrier layers. Three independent energy levels are labeled by j0 0 i, j1 0 i, and j2 0 i, respectively, with eigenenergies ℏω 0 j j 0; 1; 2. The same probe field E p ω p couples state j1 0 i and a fully occupied ground state j0 0 i with a one-photon detuning δ 0
We have designed the system so that the same strong pump field E L x; y; ω L also serves as the coupling field in the EIT segment, and it resonantly drives the transition j2 0 i↔j1 0 i. The one-and two-photon detunings in this Λ process in the EIT segment are thus δ
The trajectory of the probe light rays propagating in the HMQWS can be obtained using the eikonal equation [16] 
where ds dx 2 dy 2 dz 2 p and Rx; z Xze x ze z , where e x and e z are the Cartesian coordinate unit vectors, and Rx; z defines a point on the light ray. n 0 is the real part of the refractive index n 1 χ p p . The linear susceptibility of the probe field χ p can be expressed as [17] [18] [19] [20] 
where
, with p ij being the interband dipole-transition moments. γ j (γ 0 j ) is the total decay rate of state jji (jj 0 i) in the ARG (EIT) medium. In the following we show that the probe field gain or loss in this hybrid system can be significantly minimized [21] while still achieving a large light deflection effect.
In the small deflection angle regime, the trajectory of a ray and the deflection angle θ can be estimated if we assume that the linear susceptibility is the same as that at the incident point x 0 and ds ≈ dz [5, 16, 17] . This yields the light deflection angle
where L is the length of the medium. Assuming a Gaussian transversely distributed pump field, i.e.,
L is the peak value of the pump field and σ 0 is the 1∕e radius of the pump transverse spot size), we obtain a deflection angle of
The above predictions based on semi-classical analysis can be easily verified by numerical evaluation of Eq. (3). To this end, we consider a HMQW maintained at temperatures T ≈ 10 K [22] . The total decay rate γ i γ il γ id , where γ il and γ id characterize the population decay and dephasing rate, respectively (for simplicity, we have assumed γ i γ 0 i ). For temperatures up to 10 K with electron surface densities smaller than 10 12 cm −2 , γ 3l ≈ 0.68 meV, and γ 3d ≈ 1.2 meV [23] (1 meV is equivalent to 0.24 THz 240 GHz). In our model, the dipole transition rate γ 2d is very small because of the high inter-well barrier between them, i.e., γ 2 ≈ γ 2l 0.01γ 3 . The electric-dipole moment is jp 12 j ≈ 3jp 1 0 0 0 j ≈ 8.4 × 10 −28 C⋅m. In addition, we take Ω 0 L 3 meV, σ 0 50 μm, and L 100 μm. We first examine the overall system gain characteristics. We assume ω p ω 0 p δω, where ω 0 p is the primary frequency of the wave packet and δω is the deviation from the primary frequency, representing different frequency components in the wave packet. This is a critically important feature of this hybrid system for multichannel wavelength DEMUX operations. We further take the one-and two-photon detunings as δ 1 50 meV, δ 2 δω −2 meV, δ 0 1 δ 0 2 δω, respectively. Figure 2 shows the overall probe light deflection angle θ and system gain or loss ImK p Imω p χ p ∕c k p Imχ p as functions of the probe field injection position x 0 and the probe frequency deviation δω. Figure 2 (a) shows that with a suitable probe injection location, the deflection angle can be as large as 0.15 rad for a L 100 μm propagation distance, sufficient for on-chip signal DEMUX operations (see below). Note that the deflection angle changes significantly with the two-photon detuning, raising the possiblity of applications in optical wavelength separation and channel selection. In Fig. 2(b) we show the linear absorption or gain of the system. There is a small probe field gain (i.e., ImK < 0) when the deflection angle is large. This is the result of the balancing effect between the gain in the ARG segment and the attenuation in the EIT segment. Consequently, additional amplification of the probe field is unnecessary, and this greatly simplifies practical implementations of this system.
In Fig. 3 we show the distribution of the medium index as a function of probe launch position x 0 and the two-photon detuning δω. The index is large at δω −240 GHz and reduces near δω 0 GHz. We refer to the field with frequency deviation δω −240 GHz from the center frequency ω 0 p as Channel 2. Correspondingly, the probe fields with frequency deviation of 0 and 240 GHz are referred to as channels 1 and 0 (see also Fig. 4) .
To more rigorously study the propagation characteristics of a multifrequency light field, we carried out a full numerical calculation of the probe-wave propagation equation, [24] 
where k p ω p ∕c and n is the refractive index which can be expressed as nx n 0 δnx with n 0 1. Under the slow varying amplitude approximation, Eq. (5) gives
We numerically integrate Eq. (6) using a Gaussian initial probe field injected at x 0 9 μm, i.e., Ω p Ω 0 p expx − x 0 2 ∕σ 2 p , where the beam width is characterized by σ p 2 μm. To demonstrate the principle, we consider an HMQWS system with the dimensions that were previously considered. Let us also assume that the probe field has three frequency components so that with a fixed pump laser frequency ω L we have δω −240 GHz (channel 2), δω 0 Hz (channel 1), and δω 240 GHz (channel 0), respectively. Other parameters are the same as those used in Fig. 2 . Figure 4 shows the wavelength separation effect, where the three components of the probe wave are well separated after only 100 μm onchip propagation, indicating a well-isolated wavelength selection of the optical channels.
In conclusion, we have studied dynamic light deflection in an HMQWS pumped by a spatially inhomogeneous pump laser. Both analytical results obtained using the eikonal equation to calculate the ray trajectory, and a full numerical simulation of the wave-propagation equation were presented. Both of these calculation methods agree well with each other. We have shown that large deflection angles can be achieved for multichannel probe fields in this hybrid MQW system, and that the probe field is very stable because of the balancing effect between the gain in the ARG segments and the attenuation in the EIT segments. The advantages of this hybrid system include the elimination of any requirement for additional amplification stages or spatial spread of the probe field. This should be compared with the fact that all light-bending schemes based on three-level EIT methods reported to date, regardless of whether they use an inhomogeneous magnetic field or a spatially distributed pump laser field, can not avoid significant probe beam attenuation and spatial spread. The wavelength selection and channel separation operation demonstrated in this work show that this hybrid system may be a valuable candidate for on-chip optical channel selection in telecommunication applications. Fig. 3 . Index of refraction as a function of the probe injection position x 0 and the frequency deviation of the probe field δω. Parameters are the same as in Fig. 2 . Fig. 4 . DEMUX operation. The numerical simulation of beam propagation in MQWs with different probe-field frequencies given by δω 240 GHz (channel 2), δω 0 Hz (channel 1), and δω 240 GHz (channel 0), respectively. The probe injection point is x 0 9 μm. The dashed line represents the initial probe injection direction.
